Abstract-This paper investigates the impact of the solar radiation level on the available output power of moving photovoltaic (PV) installations with the help of PV simulation models and real-world environmental data. For moving PV installations, for example, on top of hybrid electric vehicles and batterypowered electric vehicles, the sampling rate was 6000 samples per second. We analyze the changes in the amount of solar radiation that can influence on the control of the operating voltage of PVs within maximum power point tracking (MPPT) algorithms. We present recommendations for the sampling rate of environmental data, which is used for PV simulation models. Furthermore, we discuss the update frequency of vital parameters of different MPPT techniques for controlling moving PV installations. Here, we concentrate on the degree of efficiency of the perturb and observe algorithm. In addition, we show how the sampling rate of environmental data influences the test criteria for MPPT algorithms.
I. INTRODUCTION

S
OLAR energy is one of the most promising alternatives [1] , in particular, to substitute energy gained from fossil fuels [2] . In the future, for example, the opportunity is given to integrate photovoltaic (PV) cells into the roof of hybrid electric vehicles (HEVs) and battery-powered vehicles (BEVs) in order to extend the electrical operating driving range of these types of vehicles [3] . Similarly, a charging station powered by PV panels can be used to charge the high-voltage battery of a BEV [4] .
Generally speaking, for new types of applications, PV simulation models are helpful in order to determine the potential maximum power of PVs on the one hand and the available output power under varying ambient conditions on the other.
For example, when harvesting PV energy for wireless sensor network nodes, the choice of the power source is essential so that the target system does not run out of energy overnight [6] - [8] . The single-diode model is an equivalent electric circuit used to model the PV cell and is commonly used in [7] - [10] .
The overall accuracy of the PV simulation is dependent upon two individual tasks. At first, we have to estimate unknown parameters within the model so that the equivalent circuit fits the real PVs as well as possible [8] - [12] . In other words, we try to minimize the error between the simulation and the reality. Second, we can compute the output power (P out ) and calculate the possible amount of energy of a PV installation with the help of environmental data, in particular, the solar radiation level [5] . The time resolution of ambient data has an impact on the accuracy of the simulation as well. In [5] , we investigated the impact of the sampling rate on the estimation of the amount of solar energy. The focus lied on the amount of solar radiation which can be absorbed on top of stationary PV installations.
The integration of PV cells into the roofs of HEVs and BEVs has enormous potential to change the way of transportation of our society [13] . A PV installation on top of the roof of a vehicle can provide power to the high-voltage battery [14] , [15] and, thereby, reduce the amount of greenhouse gas emissions [16] . However, the available area on top of the roof of HEVs and BEVs is limited [16] , [17] . It is worth noting that other areas than the roof of the vehicle, such as the side, the rear, and the front of the vehicle, receive less irradiation [18] . Furthermore, the environmental conditions, in particular, the rate of change of the solar radiation level, differ significantly for moving vehicles than for parked vehicles [18] , [19] .
In this paper, we present an improved measurement system that offers several advantages and benefits over the measurement setup used in [20] . At first, we have doubled the number of measurement probes to sense the solar radiation level (λ) from 4 to 8 in order to obtain more detailed information on the shading conditions of the vehicle's roof and the PV installation. Second, we have increased the sampling rate from 50 samples/s to 6000 samples/s. As a result, we are able to provide more precise information on the rate of change of the solar radiation level, in particular, on the speed of changes and the time window of changes in the amount of irradiation.
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solar radiation level is significantly higher for the case of moving PV installations than for stationary PV installations. Generally speaking, a high rate of change of the solar radiation level imposes challenges for maximum power point tracking (MPPT) algorithms, which are used to modify the operating voltage based on changes in ambient conditions. If the solar radiation level alternates extremely rapidly, as it is the case for moving PV installations, MPPT techniques have enormous difficulties following these rapid changes. As a result, the degree of efficiency of the MPPT algorithm is reduced remarkably. In addition, we extend the analyses presented in [20] related to PV simulation models and MPPT algorithms in several ways. With the help of a higher sampling rate of 6000 samples, we illustrate in more detail how quickly the solar radiation level changes in the case of moving PV installations and how the rate of change is affected by the sample rate. Furthermore, we demonstrate how the sampling rate influences the estimation of the total amount of solar radiation available on top of moving PV installations. Moreover, we demonstrate how the rate of change affects the required update frequency of vital parameters of MPPT algorithms and which limitations are present for the update frequency of these vital parameters.
If the sampling rate is too small, the estimated amount of solar energy is either too low or too high. False estimations can have a negative impact on the design of applications. Furthermore, we concentrate on the update rate of vital parameters for MPPT techniques. On the example of the perturb and observe P&O algorithm, we show that the update frequency for MPPT algorithms, which is used for stationary PV installations, is not sufficiently high enough in order to achieve the same high degree of efficiency for the case of moving PV installations.
The structure of this paper is as follows. Section II presents the measurement system. In Section III, we discuss the rate of change of the solar radiation level for stationary PV installations. Here, we discuss the test criteria for conventional MPPT algorithms. In Section IV, we present experimental results and analyze the influence of the sampling rate on the rate of change of the solar radiation level for the case of moving PV installations. In Section V, we verify the impact of the resolution of the solar radiation data on the simulation of the conventional P&O algorithm. We present discussions and conclusions in Sections VI and VII.
II. MEASUREMENT SYSTEM
In [5] , we presented an accurate low-cost measurement probe for collecting data on the amount of solar radiation. The measurement probe itself consists of a monocrystalline silicon PV cell (size: 55 mm × 55 mm) and was calibrated with the help of measurement instruments in the same way as in [21] . Table I summarizes the available data from the PV cell in the measurement probe. In contrast to previous research [20] , we have doubled the number of measurement probes to obtain more precise information on the solar radiation level (λ) on top of the roof of a vehicle, from 4 to 8, as illustrated in Fig. 1 . In [20] , probes were located in positions 1, 3, 6, and 8. In this paper, we also placed probes in positions 2, 4, 5, and 7. Moreover, in contrast to [20] , each of the measurement probes was sampled 6000 times per second instead of 50 times per second. Data were collected with the help of the National Instruments 6009 data acquisition module and LabVIEW. The installation of the measurement setup on top of the roof of a vehicle is shown in Fig. 2 . Due to the flat roof of the vehicle within the experiments, the alignment of each measurement probe was horizontal. In a horizontal installation, the measurement probe does not heat much. However, for reference, the temperature was recorded in the middle of the measurement setup.
III. STATIONARY PV INSTALLATIONS
A. Rate of Change of the Solar Radiation Level
In this paper, we focus on the rate of change of the solar radiation level we measure how quickly the solar radiation level varies for the PV cell or panel. It is worth noting that r λ is critical for the control of the operating voltage (V op ) of PVs. r λ is defined as
For stationary PV installations, on a typical partly cloudysunny day, r λ can be as large as 150 (W/m 2 )/s. Quickly changing environmental conditions can be challenging for some MPPT algorithms, for example, for the P&O algorithm [22] . Thus, it is important that the collected environmental data are suitable for evaluating the performance of MPPT algorithms. In this way, collected environmental data, which are used within the simulation of MPPT algorithms, should include similar alternation rates (r λ ) as MPPT profiles.
However, if the time resolution of the solar radiation data is lowered, the speed of the upward and downward ramps is lowered as well. As an example, we take a look at a typical rising edge of the solar radiation data for a stationary PV installation. Fig. 3 illustrates the ramp in the original data form obtained at 30 samples per second for a stationary PV installation [5] and shows how the speed of the ramp changes with different sampling rates if the irradiation is sampled each time at t = 5 s. As shown in Fig. 3 , the lower the sampling rate, the lower r λ . The obtained maximum values for the upward ramp (r λ,max ) shown in The highest value for r λ is obtained during frequent changes between direct sunlight and cloud shadows and vice versa. By lowering sample frequency rates, more and more information on fast slopes of the solar radiation level is lost. As a result, the environmental data do not include the fast slopes, which are present in test profiles for MPPT algorithms. Thus, for the case of stationary PV installations, when using environmental data for PV simulation models, which include the capability of simulating MPPT algorithms, the solar radiation level should be obtained at a high sampling rate of several samples per second.
B. Testing Criteria of MPPT Algorithms
The time resolution of environmental data also has an impact on the simulation of MPPT techniques. Basically, MPPT is required to ensure operating at or close to the MPP and, thereby, obtaining as much power as possible from PVs. Esram and Chapman [22] summarized various approaches for carrying out MPPT and investigated differences between MPPT techniques.
Ropp et al. [23] proposed a test profile for evaluating the performance of MPPT algorithms. Their test protocol consists of slow slopes, fast slopes, and steady-state conditions, as illustrated in Fig. 3 . Bründlinger et al. [24] also suggested a test sequence for the MPPT techniques, where the PV inverter and its efficiency are included into their considerations and evaluations. The focus of both papers lies on the changes of the solar radiation level (λ/t). The question is how realistic such approaches are if we were to compare them against our measurement data.
We obtain, for example, for r λ from [23] for steady-state conditions: In [23] , there are steady-state conditions at 200, 600, and 1000 W/m 2 , while in [24] , no steady-state conditions are considered. However, in [24] , the solar radiation level varies between a minimum and a maximum solar radiation level (λ min and λ max ) for n repetitions. Thus, the ramp gradient ranges from 0.5 up to 100 (W/m 2 )/s as the utmost case.
The sampling rate influences the definition of a suitable test pattern for an MPP tracker based on the length of r λ . On a typical partly cloudy, partly sunny day [5] , the solar radiation level alternates frequently between a minimum, an intermediate, and a maximum level. Naturally, these levels are not constant throughout the day. However, the intermediate level makes the test profile in [23] more practical than the pattern proposed in [24] .
IV. MOVING PV INSTALLATIONS
A. Measurements Setup
The sample rate of solar radiation data is crucial for evaluating the opportunity for solar energy production in new kinds of environments and new types of applications. For example, solar energy can be of interest for powering portable and wearable devices such as mobile phones [25] . In previous research, we investigated the possibility to extend the electrical driving distance of BEVs and HEVs with the help of PV installations on top of a vehicle's roof [3] .
In the case of moving PV installations, MPPT algorithms have to react and respond to the given ambient conditions. Hence, we analyzed the alternation rate of the irradiation on top of moving objects such as vehicles. We installed measurement probes horizontally on the roof of a vehicle, as shown in Fig. 2. Fig. 4 illustrates the setup of the measurements given in two streets in the City of Oulu, Finland, while Fig. 5 shows the ambient conditions in this street (from the starting point of view toward endpoint 1). Here, first, the irradiation was recorded by driving from north to south from the school to the chapel (endpoint 1).
B. Measurements Results
When driving from the starting point to endpoint 1, in other words, from the North to the South, at the beginning, the vehicle was passing through a tree avenue, which caused frequent changes in the amount of irradiation. Afterward, the vehicle was driving next to a parking lot which provided no shading to the roof of the vehicle. The speed of the vehicle was approximately constant at 30 km/h and the driving distance was about 300 m. The measurement was repeated three times to ensure that the collected environmental data are not random.
In [20] and [26] , we sampled each measurement probe at 50 times per second. In this paper, we increased the sampling rate to 6000 times per second. Fig. 6 shows the measurement results obtained on July 26 at 4 PM, while Fig. 7 shows the results collected on July 31 at 2 PM. Unfortunately, it is not possible to control weather conditions such as the wind speed for measurements in outdoor environments. Hence, measurements were carried out on different days on which direct sunlight without cloud coverage was available in order to obtain a more information on the ambient conditions for moving PV installations.
Furthermore, measurements were repeated immediately afterward to obtain several measurement sets within similar ambient conditions. It is worth noting that the vehicle speed was also not exactly constant. Tables II and III present  the available When comparing the measurement data obtained with the probe in position 2 from 2 days with each other, we can see a difference in the solar radiation level obtainable under diffuse radiation. Although the average minimum solar radiation level (λ min ) was about 100 W/m 2 on July 31,λ min was about 150 W/m 2 on July 26. This difference can be caused by changes in reflectance, transmittance, and absorptance of sunlight by tree leaves, which are affected by the air temperature, relative humidity, wind, and gust speed (leaf area index, gap fraction) as well as other ambient conditions such as particles and aerosols in the air [27] - [29] . For both days, the average maximum solar radiation level (λ max ) was about 800 W/m 2 (horizontal level).
In Figs. 6 and 7, a drop in the solar radiation level can be observed at t =29 s. This short decrease and increase in the solar radiation level are due to a bump at a zebra crossing, which is shown in Fig. 8 . When the vehicle passes the upward bump, the roof changes the alignment toward the sun (e.g., the roof phases slightly away from the sun) and, thus, the available irradiation on top of the roof changes. In Fig. 9 , on July 31, an increase and decrease of the solar radiation level can be observed at t =31 s as the vehicle passes the downward bump of the zebra crossing (e.g., the roof phases slightly toward the sun). As shown in Figs. 6 and 8, on July 26, the downward bump of the zebra crossing was shaded and, thus, is not visible in the measurement data.
The aim of this paper was to identify the rate of change of the solar radiation level (r λ ) for moving PV installations and the suitable sampling rate for obtaining environmental data. Fig. 9 shows the upward ramp, which occurs at about t = 22 s when the vehicle reaches the parking lot. At this time, the roof of the vehicle got completely exposed to direct sunlight. As shown in Fig. 9 , probes 1-8 reach the maximum solar radiation level (λ max ) at different times. At first, the front of the roof of the vehicle, more precisely, probes 1-3, reach λ max , then probes 4 and 5, followed by probes 6-8. Even between probes 1-3, 4 and 5, as well as 6-8, a difference can be noticed. Due to the diagonal shading of the street, shown in Fig. 8 , probe 1 reaches λ max slightly before probes 2 and 3, for example.
In contrast to MPPT profiles discussed in Section III, the rate of change (r λ ) is not linear, in other words does not increase on a constant basis, from λ min to λ max . In previous research [20] , we identified the time window for the rate of change in solar radiation level. Although the time window of variations in the solar radiation level is in seconds for stationary PV installations, it is in milliseconds for moving PV installations. In the obtained measurement data, r λ varies between 0 and 125 (W/m 2 )/ms. For the upward ramp at t = 22 s, from λ min to λ max , the maximum alternating rate (r λ,max ) is about 90 (W/m 2 )/ms. For example, for probe 2, the following values for r λ,max were obtained: Figs. 6 and 7 , the solar radiation level varies between a minimum solar radiation level (λ min ) of 100-150 W/m 2 (depending on the ambient conditions) and a maximum solar radiation level (λ max ) of about 800 W/m 2 . It is worth noting that values for λ min and λ max depend on the geographical location and time of the year, as shown in Table IV. Figs. 10 and 11 illustrate the rate of change of the solar radiation level (r λ ), which was obtained on July 31. In Fig. 10 , the speed of the vehicle (v) was 30 km/h, while the vehicle speed was 40 km/h in Fig. 11 . It can be seen that an increase As the solar radiation level does not increase on a linear basis, it is difficult to design a possible MPPT test profile for moving PV installations. When analyzing the obtained measurement data, it was found out that steady-state conditions at intermediate levels (as in Fig. 3 [23] ) are not realistic in practice, and, thus, should not be considered for a potential MPPT test profile. However, the solar radiation level can increase to intermediate levels of about 400-600 W/m 2 , but does not remain at this level.
For example, when driving through a tree avenue, fast, and frequent changes between diffuse radiation (λ min ), partly shaded/sunny conditions (λ int ) and direct sunlight (λ max ) can occur. These variations in λ are not constant, in other words, they cannot be represented as a sequence of n repetitions as in [24] . Hence, it is challenging to design an MPPT test profile, which includes the same conditions on the rate of change of the solar radiation level as in real environmental data. Therefore, for the verification of the degree of efficiency of MPPT algorithms, we recommend to use collected data on the solar radiation level directly as input data.
Besides the influence on the rate of change of the solar radiation level, the sampling rate has also an impact on the overall estimation of the available irradiation [5] . On the example of the measurement data obtained on July 31 (v = 30 km/h), during the frequent changes of diffuse radiation and direct sunlight, a difference (||) in the estimated irradiation occurs when the data obtained at 6000 samples/s are downsampled. Hence, a sampling rate of 500 samples/s is appropriate in order to minimize the difference in the estimated available irradiation, as illustrated in Fig. 12 for v = 30 km/h and Fig. 13 for v = 40 km/h.
When driving in other directions, the ambient conditions and the types of surrounding objects can vary and so does the maximum rate of change (r λ,max ). As illustrated in Fig. 4 , we carried out measurements also by driving from the South to the North (endpoint 1 to starting point) as well as from the East to the West (starting point to endpoint 2) and vice versa. When driving from the East to the West, at the beginning, the vehicle passes a tree avenue, which becomes a single-sided avenue of trees after a few meters. Although the parking lot and grass field provide more sunlight to the roof of the vehicle, the forest provide more shadow to the vehicle. Table V summarizes the collected measurement data for probe 2. As given in Table V , for v = 30-50 km/h, Fig. 9 , shading due surrounding objects causes variations in the available irradiation at different times. However, it can be said that the output power of the moving PV installation varies significantly in driving conditions in comparison to parked conditions.
V. SIMULATION OF THE CONVENTIONAL P&O ALGORITHM
A. Description of the Investigated MPPT Algorithm
We analyzed the performance of the P&O algorithm, since this MPPT algorithm is one of the most commonly used in practice. Here, the operating voltage (V op ) is alternated based on the outcomes of the previous alternation. V op is either increased or decreased, depending on whether the current output power increased or decreased in comparison to the previous measured output power [22] .
B. Description of the Simulation Setup
A PV simulation model was created in MATLAB for verifying the impact of fast-changing irradiation, which occurs on top of moving objects and calculating the efficiency of the P&O algorithm. The single-diode model was used as an equivalent electric circuit for the simulation of one PV cell. A standard monocrystalline PV cell was used for the simulation model, which had the same characteristics as the PV cell used in the measurement probe. Table VI summarizes the available data from the manufacturer Blue Chip Energy GmbH.
In experiments, it was observed that changes in the PV cell temperature (dT c /dt) are minor. At λ = 800 W/m 2 , a temperature variation of 0.1 • C causes a change in the available output power (P out ) of 0.04%, while a solar radiation level variation of 10 W/m 2 causes a change in P out of 1.32%. Thus, for simplicity, T c was assumed to be constant at 25 • C in the simulation model. In contrast to [7] and [9] , we used an analytical model due to the large file size of the solar radiation data.
First, a database of I -V curves in the form of a lock-up table was created for irradiation levels from 1 to 1000 W/m 2 . In this way, the measurement data on the amount of solar radiation can be used directly as an input parameter for calculations. Second, the model obtains the solar radiation level from the measurement file. Then, the power in the MPP (P mpp ) was calculated as well as the output power at other voltages than the voltage in the MPP (V mpp ). As a result, the output power (P out ) and the efficiency of the MPPT algorithm (η mppt ) were obtained.
C. Calculating the Efficiency of the P&O Algorithm
In practice, it is not possible to continuously operate always in the MPP. Thus, the obtained output power (P out ) is lower than the power which was available in the MPP (P mpp ) [22] . The degree of efficiency of the MPPT algorithm (η mppt ) can be obtained as follows:
D. Analyzing the Performance of the P&O Algorithm
The aim of this paper was to verify the loss in efficiency of the P&O algorithm if the same update frequency of the vital parameter of the MPPT algorithm is used within moving PV installations as for stationary PV installations. However, it is worth noting that there are modified versions of the P&O algorithm available, which can cope better with fast-changing ambient conditions. Figs. 14-16 illustrate the obtained efficiency of the P&O algorithm (η mppt ) for different sample rates of P out for July 26 (v = 30 km/h) and July 31 (v = 30 km/h and v = 40 km/h). The focus lies on the part of the measurement data in which frequent changes of the ambient conditions are taken place (t = 0 s to t = 20 s).
It can be seen that reducing the update frequency of P out results in a decrease in the efficiency of the P&O algorithm (η mppt ). When updating P out at 6000 samples/s, η mppt is about 99.5%. Updating P out at 100 samples/s results in an efficiency of about 95%. However, in practice, such a high update frequency of P out is difficult to achieve. The string of PV cells or PV panel would need to be disconnected too many times from the power converter to obtain the current output power of the PV installation.
A small reference PV cell or panel with the same characteristics as the main PV panel could be used for obtaining P out and updating the operating voltage (V op ) of the P&O algorithm. However, as mentioned above, due to different types and times of shading conditions of the installed measurement probes, it is unlikely that the reference PV cell or panel will be exposed to the same solar radiation level as the main PV panel. Hence, the reference PV cell or panel would provide the wrong information to the P&O algorithm.
VI. DISCUSSION
In real-world environmental conditions, the solar radiation level can vary in different ways and is dependent on the geographical location, ambient conditions (air temperature, relative humidity, wind, and gust speed, particles, and aerosols in the air), vehicle speed, and the surrounding environment such as tree avenues and buildings. Furthermore, the efficiency of the MPPT algorithm (η mppt ) depends on the sample position at which the P&O algorithm updates the vital parameter P out . Hence, a decrease in efficiency is not always consistent with a decrease in sampling vital MPPT parameters.
It was found out that a change in ambient conditions (Fig. 14) or increase in the speed of the vehicle (Fig. 16 ) can result in a decrease of the efficiency of the P&O algorithm. It is worth noting that the conventional P&O algorithm is designed for the control of the operating voltage (V op ) of stationary PV installations and not for moving PV installations. Furthermore, improvements of the P&O algorithm focus on an increase of the efficiency of the algorithm (η mppt ) at steadystate conditions [33] , [34] . A change, for example, in the size of the perturbation voltage (V ) does not result in a consistent improvement of η mppt for moving PV installations.
VII. CONCLUSION
For stationary PV installations, a sampling period of 10 s is suitably high enough, but a faster sampling rate of 500 samples/s is recommended for moving PV installations, e.g., on a vehicle or bicycle. Exact values, for example, for upward/downward ramps and sampling rates, depend on the circumstances of the region in which PVs are utilized. Our data show that fast ramps (r λ,u and r λ,d ≈ 100 (W/m 2 )/s) occur more frequently than slow ramps during recurrent changes between sunlight and clouds. For moving PV installations, upward/downward ramps are as large as 100 (W/m 2 )/ms.
If PVs are mounted on a car driving in a city, the shadowing will be instantaneous. The effect on the P&O algorithm was studied. The efficiency of the algorithm (η mppt ) can drop from about 99% (achieved for stationary PV installations) to as low as 55% (in the case of moving PV installations). For moving PV installations, the update frequency of vital parameters is critical. We suggest using environmental data directly for PV simulation models, which also include the functionality to simulate MPPT. In this way, the degree of efficiency of PV power systems can be analyzed. Common MPPT test profiles used for stationary PV installations are not suitable for moving PV installations.
